Purpose-To investigate the changes of the retinal microvascular network and microcirculation in high myopia.
lower than the control group. No significant differences were detected between the groups in retinal microvascular BFV in either arterioles or venules (P > 0.05). Microvascular densities in both superficial (r = −0.45, P = 0.047) and deep (r = −0.54, P = 0.01) vascular plexuses were negatively correlated with the axial lengths in the myopic eye. No correlations were observed between BFV and vessel density (P > 0.05).
Conclusions-Retinal microvascular decrease was observed in the high myopia subjects, whereas the retinal microvessel BFV remained unchanged. The retinal microvascular network alteration may be attributed to ocular elongation that occurs with the progression of myopia. The novel quantitative analyses of the retinal microvasculature may help to characterize the underlying pathophysiology of myopia and enable early detection and prevention of myopic retinopathy. Keywords retina; high myopia; microvascular network; microcirculation; retinal function imager (RFI); OCT angiography (OCTA) Myopia, the leading cause of distance vision impairment, is a common type of refractive error that affects more than 1.4 billion people worldwide. 1 Associated with an increased risk of blindness, 2 this disorder predominantly affects young people, especially in Asia. 1 The prevalence of high myopia, a severe form of this disorder, has increased by 8-fold in the past 30 years for young and middle-aged adults in the United States. 3 High myopia can lead to myopic retinopathy, which presents with lacquer crack formation, choroidal neovascularization and chorioretinal atrophy. 4, 5 These complications are highly associated with retinal vessel morphological alterations, such as narrower arterioles, which are visible on fundus photography. 4, 5 Moreover, decreased choroidal blood flow has been associated with increasing axial length (AL), a possible indication of progressive myopia, 6 in both form deprivation and negative lens-induced myopic chick models. 7, 8 In highly myopic patients, reduced retinal vessel density 9 and blood flow 10 were evident in the retinal large vessels visible on fundus photo. Using the Dynamic Vessel Analyzer, 11 it was found that there was a narrowing of retina large vessels, but their function was still comparable to controls. 11 The retinal capillary network and microcirculation directly supply the oxygen and nutrients to the retinal tissue, which may be more susceptible to myopia-related alterations. Understanding the changes and interaction between the retinal capillary network and microcirculation may reveal the underlying pathophysiology of the disorder and may lead to the development of better prevention and treatment. Investigating the retinal microvascular characteristics in high myopia prior to retina damage may also enable the early detection of myopic retinopathy. However, due to the technical difficulties of imaging these retinal microvessels and microcirculation and the inability to visualize them with fundus photography, myopia-related vascular changes in the micrometer level have not been characterized. This may prevent researchers from investigating them as early indicators of the onset of retinopathy. such as fluorescent dye. 12, 13 It has been used to characterize retinal vascularization morphology in healthy eyes, 14 and in a number of ocular diseases, such as diabetic retinopathy, age-related macular degeneration, glaucoma, and central serous chorioretinopathy. 15 OCTA once demonstrated the choroidal neovascularization in myopic eyes with retinopathy. 16 RFI is an optical imaging device capable of measuring retinal microcirculation in pre-capillary arterioles and post-capillary venules. 17, 18 This device has been used to measure retinal blood flow velocity (BFV) in a number of common ocular diseases [19] [20] [21] [22] but has not been utilized in myopia research. Using these two advanced ophthalmic imaging devices, the goal of the present study was to characterize the retinal microvasculature and microcirculation in high myopia without retinopathy.
Methods
The present study was approved by the research review board of the University of Miami. Informed consent was obtained from each subject, and all subjects were treated in accordance with the tenets of the Declaration of Helsinki. Twenty eyes of twenty subjects with high myopia (5 males and 15 females with an average age of 28 ± 5 years (mean ± SD), Table 1 ) and twenty eyes of twenty age-and gender-matched controls (7 males and 13 females with an average age of 30 ± 6 years) were imaged. The high myopia subjects had a refractive error greater than −5 diopters and the healthy controls had a refractive error less than −3 diopters. Refraction data were converted to spherical equivalent (SE), which was calculated as the spherical dioptric power plus one-half of the cylindrical dioptric power. The ophthalmic examinations of all subjects were normal, without any signs of retinopathy. The best-corrected visual acuity was 20/20. None of the subjects had significant ocular or systemic disorders (or medication use) that might affect the systemic or ocular vasculature. The axial length (AL) was measured using the IOLMaster (Zeiss 500, Carl Zeiss Meditec, Inc, Dublin, CA) and the refractive diopter was measured by a standard phoropter.
The Zeiss HD-OCT with Angioplex™ OCTA device (Carl Zeiss Meditec, Dublin, CA) was used. Its technical aspects have been previously described in detail. 23 Briefly, the system is an upgrade of the Cirrus model 5000 instrument, which is capable of scanning at a rate 68,000 A-scans per second and non-invasively captures depth-encoded vasculature in the retina. The angiography is generated by repeated B-scans at the same locations and analyzed from both intensity and phase information. The algorithm for processing the blood flow information is OCT Microangiography-Complex (OMAG c ), which yields the enface vessel network in different retinal layers. In the present study, a 3 × 3 mm 2 angiogram was generated in less than 3 seconds by taking four sequential B-scans in each y-axis location with approximately 9,000 B-scans, each being composed of 245 A-scans (A scan = 1 pixel). The OCTA system is also incorporated with a real time retinal tracking technology named FastTrac™ which ensures achievement of retinal angiographic images with minimal movement artifacts. 23 Angiograms of the superficial vascular plexus and deep vascular plexus were exported for processing and analysis. The superficial vascular plexus is the term used to refer to the vascular network from the internal limiting membrane (ILM) to the inner plexiform layer (IPL), while the deep vascular plexus refers to the vascular network from the inner nuclear layer (INL) to the outer plexiform layer (OPL). 23 The vascular enface view images of these plexuses were exported for further analysis, including magnification correction, separation of large and small vessels and fractal analysis.
The magnification for imaging the fundus using fundus photography and OCT is different in the myopic eye due to the elongation of the eye. Hence, the proper magnification correction is required for evaluating dimensional information of the retina. 24, 25 The correction is often performed using keratometry measurements or axial length. 25 The Bennett's method using the axial length as the main correction factor is more accurate than the method using keratometry. 26 In the present study, Bennett's formula was used to determine a scaling factor of the OCT angiograms for adjustment of the ocular magnification in the high myopia group (scaling factor = 3.382 × 0.013062 × [AL-1.82]). 25 The OCTA original images with a image size of 245 × 245 pixels was resized to 1,024 × 1,024 pixels to meet the image size requirement of a previously developed software program for vessel segmenation. 27, 28 The images of the myopic eyes were then adjusted by the scaling factor from Bennett's formula, which produced an enlarged image with more pixels. The enlarged image was trimmed to the pixel size of 1,024 × 1,024 pixels as the corrected image ( Fig. 1) . To remove the large vessel from the microvascular network, the segmentation software, running in the Matlab environment (The Mathworks, Inc, Natick, MA, USA), applied a series of image processing procedures such as inverting, equalizing and the removing background noise and non-vessel structures to create a binary image. From the binary image, any vessel with a diameter ≥ 25 µm was defined as the large vessels and separated from the remaining vessels, defined as the microvessels. This procedure also eliminated the projection artifact (i.e., shadowgraphic projection artifact) of the large vessels in the superficial vascular plexus on the deep vascular plexus. 29 The microvessels were then skeletonized and partitioned. The software detected the center of the foveal avascular zone (FAZ) by searching the intensity gradient from the image center to the periphery. The center of the FAZ was used for quadrantal and annular partition. After removing the avascular zone (diameter = 0.6 mm) centered on the fovea, the annulus from 0.6 mm to 2.5 mm in diameter was defined as the annular zone with a bandwidth of 0.95 mm. The annular zone was divided by vertical and horizontal meridians into four quadrantal zones, named superior temporal (ST), inferior temporal (IT), superior nasal (SN) and inferior nasal (IN). The image from the left eye was flipped horizontally for matching of the quadrantal definition and averaging. In addition, the annular zone was divided into 6 thin annuli with a bandwidth of ~0.16 mm (Fig. 2 ). In addition, we manually outlined FAZ of the superficial vascular plexus images using ImageJ (Ver. 1.48, National Institutes of Health, Bethesda, MD). The operator (ML) drew the contour of the area where no vessels were present and the program calculated the area.
Further calculation was performed to obtain the diameter from the area results, assuming the FAZ was a round area. Fractal analysis was performed in each partition using the box counting method with the fractal analysis toolbox (TruSoft Benoit Pro 2.0, TruSoft International Inc, St. Petersburg, FL). In the fractal analysis software, the pixel size of the largest box for counting non-empty boxes was set to 104 pixels and the incremental rotation degree of the grid in searching non-empty boxes was set to 15 degrees, according to the default settings. Fractal dimension (D box ) was obtained to represent vessel density in each zone.
The RFI system (RFI 3000, Optical Imaging Ltd., Rehovot, Israel) is a US Food and Drug Administration (FDA) approved ophthalmic imaging modality that has been well-described in the literature. 18, 28, 30, 31 The measurement procedure of retinal microcirculation using the RFI system has been described in detail previously. 18, [31] [32] [33] RFI applies a stroboscopic light source and a high-resolution digital camera to rapidly take a series of retinal images. Using hemoglobin in red blood cells as the intrinsic motion contrast agent, the system measures the velocity of the red cell clusters in pre-capillary arterioles and post-capillary venules. No external contrast agent is needed and the imaging procedure is non-invasive. The reproducible measurement is approximately 7.5%-11.0%. 34 In the present study, each participant was asked to relax for 15 minutes in a semi-dark waiting room before imaging. The pupil was dilated with 1% tropiamide and the macular region, centered on the fovea, was imaged (20 degrees with the field of view of 4.3 × 4.3 mm 2 ). 32 More than four wellfocused images were obtained from each eye in the 20 degree camera settings for calculating blood flow velocity. Vessels were manually marked using the proprietary software in the RFI. Blood flow velocities of the arterioles and venules were automatically calculated (Fig.  3) . The blood flow velocity in myopic eyes was adjusted for ocular magnification using the same scaling factor as the OCTA image correction and calculated as the measured velocity × the scaling factor.
All data were analyzed with the statistical package (Statistic, StatSoft, Inc, Tulsa, OK) and presented in the format of mean ± standard deviation (SD). The repeated measurement analysis of variance (Re-ANOVA) was used for overall effects for annular and quadrantal results between groups. Post hoc tests with Tukey correction were used to determine the existence of pairwise differences between different zones and groups. Independent sample ttests were used to assess biographic and annular (0.6 -2.5 mm) differences between the groups. Correlations between macular vessel density and AL and refraction were determined using the Pearson's correlation test. A P-value of < 0.05 was considered statistically significant.
Results
The demographic and clinical information of subjects in the two groups are listed in Table 1 . There were no significant differences in age or gender (P > 0.05) between the myopia subjects and the healthy controls. Significant differences between groups were found in axial length and refraction (P < 0.05). The microvessel density of the annular zone (0.6 -2.5 mm), measured as D box , of both superficial and deep vascular plexuses was significantly lower in the myopia group than in the control group (P < 0.01, Fig. 4 and 5, Table 2 ). The decrease of the microvessel density of the annular zone (0.6 -2.5 mm), measured as D box , was 2.1% and 2.9% in superficial and deep vascular plexuses, respectively.
The microvessel density in the thin annuli from C2 (i.e., 0.5 mm from the fovea) to C6 (1.25 mm from the fovea) was significantly lower in the myopia group compared to the control group (P < 0.05, Table 2 , Fig. 5 ), except for C2 in the deep vascular plexus. The microvessel density reached a plateau from C2 to C6 in both groups, but that in myopic group was about 3% lower than the control group. Analysis of quadrantal partitions showed significant decreases in all quadrants in both plexuses, with the exception of the ST quadrant (P < 0.05, Table 3 , Fig. 5 ).
The FAZ area was 0.28 ± 0.12 mm 2 in myopia group, which was not significantly different compared to the control group (0.28 ± 0.13 mm 2 , P > 0.05). The calculated FAZ diameter in the myopia group was 0.59 ± 0.12 mm, which was not significantly different compared to the control group (0.58 ± 0.12 mm, P > 0.05).
When evaluating the retinal microcirculation, the myopia subjects had an average retinal arteriolar BFV of 3.67 ± 0.48 mm/s and an average venular BFV of 3.06 ± 0.47 mm/s. In the healthy controls, the average retinal arteriolar BFV was 3.70 ± 0.43 mm/s and the average venular BFV was 2.95 ± 0.25 mm/s. There were no significant differences in retinal arteriolar or venular BFV between the myopia subjects and the controls (P = 0.44, 0.18).
Microvascular density in both superficial and deep vascular plexuses was negatively correlated with AL and refractive diopters when the results of both groups were combined (Fig. 6 ). When the densities were analyzed separately, microvascular densities in both superficial (r = −0.45, P = 0.047) and deep (r = −0.54, P = 0.01) vascular plexuses were negatively correlated with the axial lengths in the myopic eye. Interestingly, microvascular densities in the superficial vascular plexus (r = −0.52, P = 0.02) were negatively correlated to the refractive diopter in the control group. No significant correlation was detected between BFV and either of the two factors (i.e., axial length and refraction) or between the vessel density and BFV (P > 0.05).
Discussion
To the best of our knowledge, this study is the first to explore both the microvascular network density and microcirculation in highly myopic eyes without noticeable degenerative retinopathy. The present study primarily determined that the retinal capillary density decreases in highly myopic patients with normal visual ability prior to permanent retinal damage. Based on the correlation analysis, this alteration appeared to become more prominent in the presence of axial length elongation and higher refractive diopter, the clinical markers of worsening myopia. These observations mirror the results observed in the retinal large vessels of myopic young adults, as reported by Azemin et al. using fundus photography. 9 It can be speculated that, with the progress of myopia, the structural elongation of the eyeball mechanically stretches the retinal tissue, resulting in the decrease of the retinal microvascular density. The trend of which was similar to the decreased vascular endothelial growth factor (VEGF) which was found to have a negative correlation with the axial length. [35] [36] [37] VEGF produced by vascular endothelial cells and retinal pigment epithelium (RPE) cells, may play a key role in the development of retinal vasculature by stimulating the vessel growth. 35, 38, 39 The decreased aqueous VEGF level found in high myopia may also contribute to the possible loss of capillary network. 29, 31 It is possible that, with the progress of myopia, the thinned retina due to the elongated axial length can cause the degeneration of retinal vascular endothelial cells and retinal pigment epithelium (RPE) cells, resulting in consequential decreases in VEGF production and microvessel density.
Fractal analysis is commonly used to quantify the vascular network in fundus images, [40] [41] [42] [43] [44] [45] [46] [47] and the approach has been reliably used to analyze large retinal vessel density quantitatively in myopic eyes. 45, 46 We adapted fractal analysis to analyze the microvessel network in a non-invasive capillary network, acquired using a Retinal Function Imager (RFI). 27, 28 The variability of the fractal analysis for the microvessel network is 0.8% for box counting. 28 Our previous study successfully showed retinal microvascular impairment in patients with multiple sclerosis (MS), with a significant decrease in fractal dimension (0.54%). 27 In the present study, the D box difference of the superficial vascular plexus annulus (0.6-2.5 mm) between groups was 2.9%, which is larger than previous findings in other conditions by others 43, 48, 49 and us. 27 Previous studies using fractal analysis of the retinal vessel tree showed small magnitudes in the changes in the fundus images, which were statistically significant in patients with diabetic retinopathy (0.56%), cognitive dysfunction (0.87%), and stroke (0.3%) compared to controls. 43, 48, 49 In contrast, using vessel density analysis, Pinhas et al. documented approximately 20% of retinal vessel alteration in patients with diabetic retinopathy. 50 The magnitude of the changes in fractal dimension (no unit) cannot be directly compared with the changes in vessel density (unit %). Vessel density calculation often calculates the pixels with vessel coverage, which is dependent on vessel width. 50 In the other words, large vessels carry more weight in the calculation. By skeletonizing the vessels, as we did in the present study, larger vessels were removed and all microvessels were thinned to one pixel line. Skeletonization is commonly used in fractal analysis of vessel trees and the box count method is used to indicate the vessel density. [40] [41] [42] [43] [44] Fractal analysis with skeletonization may be suitable for quantitatively analyzing microvessel networks acquired using OCTA, which contains mainly the capillaries. Further studies are warranted to test the comparability between fractal dimension and vessel coverage rate (i.e., vessel density). While we documented the changes in fractal dimension in the annulus without the center 0.6 mm foveal zone, we did not identify any difference in the area and diameter of the FAZ. This finding may indicate that the FAZ may not be a location for studying the changes of the microvessel network density in myopic eyes.
The superficial vascular plexus mainly supplies blood flow to the retinal nerve fiber layer (RNFL) and ganglion cell layer (GCL), and its distribution is not even from the edge of the FAZ to the parafoveal region. 27 The density reached a plateau from C2 (i.e., 0.5 mm from the fovea) to C6 (1.25 mm from the fovea), corresponding to the GCL thickness profile. A large variation was found in the C1 annulus, mainly due to the individual deviation of the FAZ. In the myopic eyes, the alterations in the microvessel network appeared to be similar from the annulus C2 to C6 for both plexuses, and no significant changes in the annulus C1 were found. In contrast to the evenly distributed vessel density in quadrants in the control group, quadrantal alterations in the myopia group were not even, with the biggest changes noted in the inferior nasal sector. It could be speculated that the changes in vessel density in the inferonasal sector may be due to the loss of the nerve fiber layer (i.e., peripapillary atrophy, often on the temporal side of the optic disk) in the corresponding area, which is the inferotemporal sector to the optic nerve head, which is evident in myopic normal-tension glaucoma. 51 However, this viewpoint warrants further investigation.
On the other hand, we did not find significant differences in the retinal microvascular BFV between high myopic subjects and age-and gender-matched controls, which is in agreement with the changes of the microretinal blood flow, velocity and volume in young healthy myopes measured with the Heidelberg retina flowmeter. 52 The unchanged velocity in the macular microvessels in the healthy myopic eyes found in the present study is also in agreement with a previous study by Shimada et al., who used laser Doppler flowmeter with ocular magnification correction, and found that the retinal blood flow velocity in the retinal central arteries remained unaltered in mild and high myopic eyes. 10 Furthermore, Benavente-Perez et al. also reported reduced end diastolic velocity in the central retinal arteries in high myopes, however, the peak systolic velocity remained unchanged. 52 Due to the narrowing of the retinal large vessels, 10 Shimada et al. documented reduced blood flow in the retinal central arteries in high myopic eyes. While the narrowing of the retinal large vessel caliber in myopic eyes (visible on fundus photos) is well documented, 11, 53 it is still not clear whether the microvessel diameter is altered while the velocity level is maintained in myopic eyes. Evidence shows that the overall perfusion is maintained, regardless of the decreased end diastolic velocity, 52 while the density of the microvessel network is reduced, as is evident in the present study. This finding may indicate that the microvessel network maybe stretched, rather than lost. It could also be speculated that with the worsening of myopia, the eyeball is being stretched and elongated, eventually resulting in reduced ocular perfusion. Autoregulation of retinal microcirculation may be another explanation for unchanged microvessel blood velocity. The autoregulation in the retina could maintain continuous and sufficient blood flow to ensure the function of the retinal tissue despite the change of local factors, such as metabolic and CO 2 . 54, 55 Unlike the outer retina, which mainly gets nutrients from the choroidal blood flow, the inner retina is mainly supplied by the retinal microvasculature. It is possible that the retinal microcircular autoregulation could still maintain the retinal microvascular velocities in the early high myopia stage (without myopic retinopathy), while the density of the microvessel network decreases. Further studies in pathological myopia may help better understanding the changes of the retinal microvasculature and microcirculation in high myopia. Furthermore, we noted that microvascular densities in both superficial and deep vascular plexuses in the control group were significantly related to refractive errors, not axial lengths. We suspect that the refractive error alone may play a role in the alteration of retinal microvascular density, which may represent a different mechanism compared to what happens in the highly myopic eyes. Further studies with a large sample size may confirm the relation.
There are limitations to the present study. Due to the resolution limitation of the digital camera in the RFI system, the information about microvessel diameter is not available, which limited the interpretation of the blood flow in these measured microvessels. OCTA is also limited in resolution for the scanned area, which may not be used to measure the vessel diameters. In the present study, we focused on the early stage of the healthy myopes and did not include the eyes with myopia-related retinopathies. Our results showed the alteration of the retinal microvessel density, but no significant changes in retinal blood flow velocity. Further longitudinal studies may address the question of whether retinal microcirculation is altered with the progression of high myopia. Our current segmentation software only detects the center of the fovea using intensity gradient, while the FAZ was manually outlined.
Further development is needed to automatically determine the boundaries of the FAZ. Lastly, the sample size may be too small, although significant differences were found in retinal microvessel density. Using the software program GPower (Ver. 3.1.9), 56 we calculated the sample size based on the differences in the annular microvessel network results and the calculation indicated that we only need to have 18 cases in each group to determine the true difference of the vessel density with a detection power of 90%. Therefore, our sample size may be sufficient for determining the vessel density differences between groups. In the present study, two distinct populations (myopic and healthy) were recruited with no overlapping of refractive errors, although they overlapped for axial length. Computing Pearson correlation coefficient with the vessel density might not be appropriate for refractive error. Further large scale studies are needed establish the relationship between the axial length with possible weighted sampling on refractive error.
In summary, we characterized the retinal microvasculature and microcirculation in high myopia without retinopathy. The retinal microvessel density was altered in both superficial and deep vascular plexuses, while the retinal microvessel blood flow velocity remained unchanged. The changes in vessel density were related to axial length, indicating that the microvessel network may be stretched due to the ocular elongation in high myopic eyes. The novel quantitative analysis of the retinal microvasculature may increase understanding of the underlying pathophysiology of myopia and enable early detection and prevention of the onset of myopic retinopathy.
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Fig. 1. Magnification correction of OCTA image
The OCTA original image with an image size of 245 × 245 pixels was resized to 1,024 × 1,024 pixels (Fig. 1 left) . The resized image was then enlarged according to the scaling factor calculated using the axial length with Bennett's magnification correction formula (Fig. 1 middle) . After that, the enlarged image was trimmed to 1,024 ×1,024 pixels as the corrected image for myopic eye (Fig. 1 right) . Bar = 500 µm.
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Fig. 2. Image processing and partition of retinal vessel network
To remove and separate the large vessel from the microvascular network in the superficial microvascular network and the shadowgraphic artifact ( Fig. 2 upper left) , custom segmentation software applied a series of image processing procedures such as inverting, equalizing and the removing background noise and non-vessel structures to create a binary image ( Fig. 2 middle left) . From the binary image, any vessel with a diameter ≥ 25 µm was removed and the remaining microvessels were then skeletonized ( Fig. 2 bottom left) . The software detected the center of the foveal avascular zone (FAZ) by searching the intensity gradient from the image center to the periphery (Fig. 2 middle left) . The center of the FAZ was used for quadrantal and annular partition ( Fig. 2 upper and bottom right) . After removing the avascular zone (diameter = 0.6 mm) centered on the fovea, the annulus from 0.6 mm to 2.5 mm in diameter was defined as the annular zone with a bandwidth of 0.95 mm (Fig. 2 bottom left) . The annular zone was divided by vertical and horizontal meridians into four quadrantal zones, named superior temporal (ST), inferior temporal (IT), superior nasal (SN) and inferior nasal (IN) (Fig. 2 upper right) . In addition, the annular zone was divided into 6 thin annuli with a bandwidth of ~0.16 mm (Fig. 2 bottom right) . Bar = 500 µm.
Fig. 3. Retinal blood flow velocity in arterioles and venules
The retina of a myopia subject was imaged using RFI with a field of view of 20 degrees, centered on the fovea. The secondary and tertiary branches of the retinal vessels were measured. The arterioles (marked in red) and venules (marked in purple) were labeled and read with the measured blood flow velocities (Mean ± SD: mm/s). A negative value indicates blood flow away from the heart. In this case, the arteriolar flow moved toward the fovea. A positive value indicates blood flow toward the heart. In this case, the vessels are venules. Bar = 500 µm. Table 2 Microvascular density (D box ) between myopia subjects and healthy controls in annular zones Table 3 Microvascular density between myopia subjects and healthy controls in quadrants 
